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ABSTRACT 

We present near-IR observations of the 2010 outburst of U Sco. JHK photometry is 
presented on ten consecutive days starting from 0.59 days after outburst. Such photom- 
etry can gainfully be integrated into a larger database of other multi- wavelength data 
which aim to comprehensively study the evolution of U Sco. Early near-IR spectra, 
starting from 0.56 days after outburst, are presented and their general characteristics 
discussed. Early in the eruption, we see very broad wings in several spectral lines, with 
tails extending up to ~ 10 000 km s -1 along the line of sight; it is unexpected to have 
a nova with ejection velocities equal to those usually thought to be exclusive to su- 



pernovae. From recombination analysis, we estimate an upper limit of 10 
for the ejected mass. 
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1 INTRODUCTION 

The well known recurrent nova (RN) U Scorpii has under- 
gone at least six previous outbursts, in 1863, 1906, 1936, 
1979, 1987 and 1999 and search of archival data resulted in 
the detect ion of three a dditional outbursts, in 1917, 1945 
and 1969 (|Schaefeill2uTbT ). Its latest outburst, on 2010 Jan- 
uary 28. 4385 UT, was discov ered by B. H. Harris and S. 
Dvorak l|Schaefer et a,l.ll2010bl V 

The lat est outburst wa s predicted to occur around year 
2009.3 ± 1 l|Schaefeij[2005l 'l. based on the average bright- 
ness and time between eruptions. The binary components 
of U Sco consist of a massive white dwarf (WD) and a low 
mass companion in a 1.230 5631 day period eclipsing system 
ijSchaefer fc Ringwaldl Il995h . Though the outburst of RNe 
and classical novae share a common origin in a thermonu- 
clear runaway on a WD surface that has accreted matter 
from a companion star, an important distinguishing feature 
in RNe is the smaller amount of accreted mass required and 
consequently the shorter intervening period to trigger the 
outburst. Thus RNe are well suited to provide obse rvational 
inputs and constraints to nova trigger theories (|Schaefeil 
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l2005h . RNe are also of particular inte rest as they are 



possi- 

bly progenitors of T ype la supernovae (|Starrfield et al.lll988l ; 
iHachisu et"al]|l999l h 

The last three outb ursts of U Sco were well studied, es- 
pecia l ly in the optica l jBarlow et al.lll98ll; IWilliams et alj 



198ll: ISekiguchi et all ll98St lAnupama fc Dewanganl |2000| ; 



Munari et aljl993 : lliiima 2002). The on ly major IR study o f 



U Sco was during the 1999 outburst bv lEvans et"al] (|200lT ). 
who obtained spectra between 2.34 and 27.28 days after 
outburst . An X-ray study of t he super-soft phase was also 
made bv lKahabka et all (1999) for the 1999 eruption. These 
studies aimed at determining important physical parameters 
like the mass of the ejecta, spectral type of the secondary, 
and estimating the He abundance among other parameters. 
The present outburst was widely anticipated and a ma- 
jor world-wide multi-wavelength campaign was planned well 
in advance. As a result extensive data have been collected 
and preliminary result s have been reported in the UV and 
X-rays from SWIFT (|Osborne et ail l20ld ; ISchaefer et all 
l2010al ; ISchlegel et all l2010d lbh and CHAND RA obser- 
vatio ns (|Orio et al. r i2010l ). in the optical jAnupamal 
20ld) and the infrared (IR; lAshok. Baneriee fc Das! |2010| ; 
Das, Baneriee fc Ashokl [2010). In this paper we present 



near-IR spectroscopic and photometric data during the early 
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Table 1. Photometry of U Sco from Mt. Abu. The mid-time of 
observations are given in MJD; At is time since outburst, taken 
to be MJD 5224.9385 (2010 January 28.4385 UT; ISchaefer et"afl 
l2010bh . 



MJD 


At (d) 


J 


H 


K 


5225.5286 


0.59 


7.00±.01 


6.72±.02 


6.32i.01 


5226.5189 


1.58 


8.05±.02 


7.88i.05 


7.33i.06 


5227.5402 


2.60 


8.72±.06 


8.67±.06 


8.09i.04 


5228.5349 


3.60 


9.13±.12 


9.38±.ll 


8.60i.l0 


5229.5360 


4.60 


9.79±.09 


9.82±.10 


9.27i.l5 


5230.4666 


5.53 


10.24±.ll 


10.25i.12 


9.65i.08 


5231.4829 


6.54 


11.06±.20 


10.61i.17 


9.84i.38 


5232.4563 


7.52 


11.38±.14 


ll.23i.24 


10.23i.59 


5233.4805 


8.54 


12.lli.15 


12.06i.29 


ll.07i.33 


5234.4823 


9.54 


12.53±.21 


ll.97i.19 


ll.82i.47 



decline phase. The spectra taken 0.59 days after outburst are 
the earliest to be recorded for this object in the near-IR. 



2 OBSERVATIONS 
2.1 Mt. Abu 

Near-IR observations were carried out in the JHK bands 
at the Mt. Abu 1.2m telescope in the early declining phase 
of the outburst. The comparison star for photometry was 
SAO 159825 (J = 8.26, H = 7.92, K = 7.88). Spectra in 
the wavelength range 1.09-2.2 /im were obtained from day 
0.56 to day 4.55 at a resolution of ~ 1000 using a Near- 
Infrared Imager/Spectrometer with a 256 x 256 HgCdTe 
NICMOS3 array. Spectral calibration was done using OH 
sky lines and telluric features that register with the stel- 
lar spectra, oj 1 Sco (B1V, T cB = 25400 K) was chosen as 
the standard star and observed at similar airmass to U Sco 
to ensure the ratioing process removes telluric lines. Subse- 
quent reduction of the spectra and processing of the pho- 
tometric d ata follow a standard procedure that is described 
for e.g. in N aik. Baneriee fe Ashokl |2009l 'l. All data reduc- 
tion was done using IRAF tasks. 



2.2 ESO 

IR spectroscopy was obtained at the 3.6m New Technol- 
ogy Telescope (N TT), using the SOFI IR spectrogra ph and 
imaging camera (|Moorwood. Cubv fc Lidmanl fl99^ ) . Data 
were obtained on days 5.41 and 9.43 using the blue and red 
low resolution grisms, giving a wavelength coverage of 1— 
2.5 fim at R ~ 1000. Flux calibration and the removal of 
atmospheric features was achieved by the dividing the tar- 
get spectra by the spectra of the standard star HIP 45652 
(B9V) on 2010 February 3 (MJD 5230.6). The data were 
wavelength calibrated using a Xenon lamp. A log of photo- 
metric and spectroscopic observations is given in Tables [1] 
and [2] respectively. 



Table 2. Spectroscopy of U Sco. Integration time in s; for blue 
and red grisms for SOFI. 
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Figure 1. The near-IR and visual light curve of U Sco during 
the early decline phase. The V band data are from AAVSO. The 
J, H, K magnitudes have been offset by requisite amounts (as in- 
dicated in the figure) for clarity. 

3 RESULTS 

3.1 IR light curves and spectra 

The JHK lighcurves are shown in Fig.[T] along with a match- 
ing portion of the optical lightcurve for comparison. The 
evolution of the near-IR lightcurve is rather similar to the 
optical. Since sampling is only on a daily basis, we have 
interpolated between points to obtain mean (J,H,K aver- 
aged) t2 and t$ times of 2.4 and 4.0 days respectively for 
the near-IR. However these values are likely to be on the 
high side as we missed the fast declining stage between time 
zero to 0.59 days (when o ur first data point was recorded). 
For th e present outburst, iMunari. Dallaporta fc Castellana 
|2010l ) estimate = 1.8 and £3 = 4.1 days in the V band. 
The distance to U Sco as ba sed on ti and £ 3 has been pre- 
sented in a unified manner bv lSchaefed (|20ld ) to be 37.7 kpc, 
but this is superceded by the blackbody distance of the com- 
panion star du ring the total eclipse, which is 12 ± 2 kpc 
(|Schaeferll2oToh . 

The spectra are presented in Fig. [2] The spectra 
are similar to those seen in novae outbursts occuring on 



2010 outburst of U Sco 3 




massive white dwarfs, exa mples of which are V597 Pup , 
V2491 Cyg and RS Q p h dNaik. Baneriee fe Ashokl 120091 : 
iBaneriee. Das fc Ashokl l2009h . The prominent features 
detected in U Sco are the Hel 1.0830 /im and Pa7 
1.0938 /tm lines (blended), Ol 1.1287 /im, Pa/3 1.2818 /um, 
Hel 2.0581 (im and the Hi Brackett series lines in the H 
band. The Brackett series lines in the H band are severely 
blended due to the large line widths. 

A feature at ~ 1.163 /im is likely Nl 1.1625, 1.1651 /im. 
While this feature also coincides with Hen 1.16296, 
1.1676 /im, we believe that Nl is the more the likely: if it 
is Hell, its strength is expected to increase with time, as 
the level of ionization and excitation increases. While such 
behaviour is seen for the Hel 1.083 and 2.0581 /im lines 
(Fig. [2]), it is not seen for the 1.163 /im feature. 

U Sco does not seem to show the presence of prominent 
carbon lines, and in ge neral C lines are weak in optical spec- 
tra d uring outburst (|Barlow et al ] Il98ll ; [R osino fc Iiiimal 
1988). Carbon emission is a defining IR signature of novae 
occurring on CO white dwarfs, with mass < 1.2 Mq (the 
so-called "CO novae"). Typical spectra of CO novae, and 
their differences from the present spect ra, can be seen in the 
cases of V22 74 Cyg dRudv et alj|2003h and V1280 Sco an d 
V2615 Oph (|Das et al.ll200Sl ; iDas. Baneriee fc Ashokll2009h . 
For example, in V2274 Cyg the Cl line at 1.44 /im ( 3 P- 3 D) 
was comparable in strength with Br7 but there is no evi- 
dence for it in U Sco. 

The emission lines are remarkably broad and the H I 
lines (Pa/3 and Br7) consist of a core component and pos- 
sible broad wings, a detailed discussion of which is given in 



Section [3.21 The core component has a FWZI in the range 
of 9 000-10 000 kms" 1 for all the prominent lines. A triple- 
peaked profile is seen in the Pa/3, Br7 and He 12.058 /im lines 
in the earliest spectra, 0.56 days after outburst which, how- 
ever, disappears by the next day (Figs [2] [3j . Similar triple- 
peaked ( "Batm anesque" ) structu re was seen in Ha in early 
optical spectra l|Arai et al.ll2010h . A triple-peaked profile is 
also seen in the Ol 1.1287 /mi line on 2010 January 28.996 
UT, but we caution that the region around this line has 
low atmospheric transmission and artificial structures can 
be generated in the profile during spectrum extraction. 
The line fluxes for day 0.56 are given in Table [3] 



3.2 Evidence for high-velocity ejecta 

The FWHMoi the IR emission lines in the 1999 eruptio n in- 
dicated velocities of ~ 2 500 kms -1 (|Evans e t al. 200l]) and 
FWZI of ~ 9 500 km s" 1 over the first 5 days; likewise the 
FWZIoi the Balme r lines wer e ~ 10 000 k ms" 1 in the 1979 
jBarlow et aljl98lf ) and 1999 (|liiimall2002l . data obtained on 
day 0.65, close to our first spectrum) eruptions. Examination 
of the Br7 profile in the 2010 eruption (Fig.[3| shows a core 
component with a FWZI of ~ 9 500 kms -1 . More interesting 
however is the very extended blueward wing in the profiles 
for the first 2 days, which extend to about 10 000 kms -1 
from the line center. It is not clear whether an equivalent 
red wing exists for Br7, as our spectra do not extend that 
far redward. For the present we concern ourselves with the 
10 000 kms" 1 blueward wmg. 

We first establish that the extended blue wing of Br7 
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Table 3. Line fluxes for day 0.56, dereddened for E(B — V) = 0.2. A full version of this table is avalable in the on-line version. 

Line OI 1.1287 NI 1.1625,1.1651 NI 1.2461,1.2470 P/3 1.2818 Brll 1.6806 Hel 2.0581 Br7 2.1655 

Flux (10 -18 W cm" 2 ) 5.80 3.43 4.50 4.10 1.50 0.59 2.25 

Uncertainty (lO" 18 W cm" 2 ) ±0.17 ±0.10 ±0.8 ±0.18 ±0.03 ±0.04 ±0.08 



is genuine and intrinsic to the line by noting that the 
Nl 1.2461, 1.2470 pm lines, also plotted in Fig. exhibit 
a similar wing. It is difficult to conclude whether other 
lines have similar wings. Pa/3 and Ol 1.1287 pm are closely 
flanked on the blue side by other lines. There may be a 
wing on Hel 2.0581 ^im as there is a small undulation at 
~ 2.006 urn, ~ -7500 km s" 1 , for first 2 days ( see Fig.H); a 
simila r "bump" is seen in the 1999 spectrum of lEvans et al.l 
(|200lh . But we again caution that the position of this undu- 
lation is in a region of poor atmospheric transmission. Could 
the wings in Fig. [3] be caused by additional spectral lines? 
No such line is expected in the case of the N I, but the Br7 
wing is the site of the Hel 2.1120, 2.1132 /im lines. How- 
ever the expected positions of these Hel lines, marked in 
Fig. O are not too well centered with the extended wing. 
Thus it is unlikely that they contaminate the wing. Ad- 
ditionally the Hel 2.1120 ^im line may be expected to be 
weaker by a factor of at least 20 com pared to Hei 2.0581 
l|Beniamin. Skil lman & Smits 199£ j). Observations of other 
novae (e.g. RS Oph; Baneriee. Das fc Ashokll2"009r ) strongly 
support this. However, Fig.[3]shows that the strength of the 
Br7 blue wing, especially in the spectrum 0.56 days after 
outburst, is too strong compared to Hel 2.0581 /im, for it to 
be caused by the Hel 2.1120 /im line. We thus consider it un- 
likely that there is any significant presence of He I 2.1120 /jm 
and conclude that the broad wing is intrinsic to Br7 and 
therefore suggestive of material moving at ~ 10 000 km s -1 ; 
even if this represents the line-of-sight velocity of ejected 
material, it is well in excess of expected ejecta speeds, even 
for RNe. 

It is possible that this material arises in a bipolar 
flow. Such bipolar fl ows have been ob s erved in novae (e.; 
RS Oph, V445 Pup; iBode eTal] 120071 ; IWoudt et al l 12009 
and are explained on the basis of ejected material encoun- 
tering density enhancements in the equatorial (orbital) plane 
compared to the polar direction; the outflowing material 
thus expands more freely in the polar direction, leading to 
high velocity polar flows. Such an outflow would be expected 
to be perpendicular to the orbital plane and, in the case of 
U Sco (as it is an eclipsin g binary with inclination angle 
~ 80°; lHachisu et al"]|2000r ). close to the plane of the sky. If 
we assume inclination ~ 80° and opening angle ~ 15° for 
the jet, the lOOOOkms -1 line-of-sight velocity translates to 
a space velocity of ~ 23 000 km s _ . Either way a very fast 
flow is being witnessed, possibly the fastest seen in any nova 
eruption. 

We note that most of the spectral studies of the 1999 
outburst showed the Ha profile to have similar broad wings. 
The doubt again arises whether these are intri nsic to the H a 
line or caused by additional lines. For example lliiimal (2002), 
in a spectrum taken 16 hrs after maximum, assigns the N n 
line at 6482A as a possible cause for the extended blue wing 
of the Ha profile. However, if it is an intrinsic structure and 
not really Nil 6482A which is contributing, then it is seen 



03 

c 



(D 
> 

CD 




-15000 -10000 -5000 5000 10000 15000 

Velocity (km/s) 

Figure 3. Velocity profiles 1 and 2 are for Br7 on days 1.54 and 
0.56 respectively; they have a core component between —4700 and 
±4850 km s — 1 (marked by lines), and an extended blue wing (see 
Section [OJ. The expected positions of Hel 2.1120, 2.1132 ^m 
lines are shown. Profile 3 is for the Nl 1.2461, 1.2470 (im line on 
day 0.56, which also shows an extended blue wing. The ordinate 
is in arbitrary units with the profiles offset for clarity. 

that the wing exte nds to about 10 900kms _1 from the line 
center (Figure 2 of lliiimal [2001 1. This is in good agreement 
with the above discussion, and is supporting evidence for a 
very fast flow. 



3.3 Mass estimate using recombination analysis 

In the analysis below we are able to set a useful upper limit 
on the ejecta mass; an exact determination is difficult due to 
uncertainty in the conditions in the ejecta, and the range of 
velocities present. For the recombination analysis we use the 
data for 2010 February 2.8 (day 5.41); we consider this to be 
the most favourable epoch, because the lines are more likely 
to be optically thick at earlier times, while the hydrogen 
lines for day 9.43 are likely contaminated by Hen Pickering 
lines, which occur at the same wavelengths as the Hi lines. 
We use the best-defined lines from our data for this epoch, 
namely Br7, Pa/3 and Brll (1.6806 /im). The strengths of 
the other Brackett series lines in the H band are difficult to 
assess because of blending. We assume there is no significant 
contribution to the strength of these H I lines from the He 11 
Pickering lines on day 5.41. 

We proceed on the assumption that the ejecta are opti- 
cally thin in the Pa/3, Br7 and Brll lines. It is expected that 
nova ejecta have density in the range n e 
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in the early stages. Thus, for example, for n c = 10 11 cm" 3 
and T = 10 4 K, Case B predicts ratios of 4.76 and 3.8 
for Pa/3/Br7 and Br7/Br 11 respectively. The observed ra- 
tios in U Sco for Pa/3/Br7 (4.29 ± 0.15) and Br7/Br 11 
(2.69 ± 0.80) are reasonably in agreement with these pre- 
dictions, although there is no plausible combination of n c 
and T c that has the Pa/3/Br7 ratio as low as ~ 4.3 (the 
Case B emissivities at n c = 10 11 cm -3 , T = 10 4 K are 
3.1 x 10" 26 , 6.5 x 10" 27 and 1.7 x 10 -27 erg cm 3 s" 1 for the 
Pa , Br 7 and Br 11 lines respectively; IStorev & Hummed 
1995). If the lines under consideration are largely optically 
thick, considerable changes are seen in the ratios (especially 
in t he the Br7/Br 11 ratio which can even drop below unity; 
sec iBaneriee. Das fe Ashok1l2009f) . 

The mass of the emitting gas is given by 

M = v^ttL* 2 m 2 (fV/ej 

where D is the distance, mn the proton mass, / the ob- 
served flux in a particular line, e the corresponding case B 
emissivity; V is the volume of the emitting gas, which is 
(§7r[i> i] 3 <f>) where <f>, v and t are the filling factor, velocity 
and time after o utburst respectively. We use D = 12 ± 2 kpc 
(|Schaeferl lioiol ') . v = 5 000 km s" 1 (although a range of a 
factor 2 either side of this value is implied by our data) and 
values of / = (7.31 ± 0.01) x 10" 12 , (1.70 ± 0.06) x 10~ 12 
and (6.3 ±0.2) x 10~ 13 ergs s _1 cm -2 measured for the core 
components of the Pa j3, Br7 and Brll lines respectively. 

The greatest uncertainty in our analysis arises from our 
ignorance of the electron density and temperature in the 
ejecta, and from our assumption that Case B applies. If we 
suppose that 10 8 < n e (cm -3 ) s: 10 12 and 10 4 < T e (K) < 
3 x 10 4 , then the mean loge (in erg s" 1 cm 3 ) is -25.90+ ° ^, 
-26.68+0 35 and - 27 - 23 -o'.37 jStorev & Hummed Il995l ) for 
Pa/3, Br7 and Brll respectively, where the "error bars" rep- 
resent the range of values. Over this range of n c and T e 
the Case B ratios for P/3/Br7 and Brll/Br7 range from 
4.8 to 8.4, and 2.7 to 4.5 respectively. As already noted, 
the observed P/3/Br7 ratio is less than the lowest value ex- 
pected for Case B, possibly indicating that Pa/3 may not 
be optically thin; the mass derived from Pa/3 may therefore 

_ 4 71 + 55 

be an underestimate. We find logM = 10 ' -° 49 </>Mq, 

. ,,,,+0.53 , . s +0.81 

logM = I0" 4 ' 64 -o.24 ^M and logM = 10~ 4 -o.so ^m , 
from Pa/3, Br7 and Brll respectively. The errors in /, D, v 
and the uncertainties in e have been added in quadrature, al- 
though we recognise that this is not necessa rily robust (e.g. 
the errors are asymmetric fsee lBarlowll2003l . for a discussion 
of this point), while the uncertainties in e are not in any 
sense "errors" and are not distributed normally). Our best 

-4 64 +0 ' 92 

estimate of the ejecta mass is therefore 10 -»-«^M Q 
(~ 2.2 x 10 -5 <^Mq); since we must have that <f> < 1, 

M < 10" 4 -a ™ M Q . 

An alternative estimate of the e jected mass can be pro- 
vided by free-free (f-f) emission fcf. lEvans et all 1200 ll . who 
found M ~ a fewx 10" 7 M ). We constructed the SED using 
V magnitudes from AAVSO, our near-IR ma gnitudes, and 
reddening E(B — V) in t he range 0.2 to 0.56 (|Barlow et al.l 
Il98ll ; lHachisu et al.ll2~000l ) . We have searched for a f-f excess 
on the first six days, where the errors on the JHK magni- 
tudes are small. Depending on the reddening, blackbody fits 
with effective temperatures in the range 6 000 - 8 000 K rea- 
sonably fit the data. However, while our analysis shows that 



a f-f excess might be present in the data, especially in the 
K band, it is marginal and difficult to quantify. In view of 
this we do not use f-f to estimate a mass. Observations at 
mid-IR wavelengths should reveal any f-f emission as the 
emissivity is proportional to A 2 . 
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